We investigate various ultrafast optical processes in ferromagnetic (III,Mn)V semiconductors induced by femtosecond laser pulses. Two-colour timeresolved magneto-optical spectroscopy has been developed, which allows us to observe a rich array of dynamical phenomena. We isolate several distinct temporal regimes in spin dynamics, interpreting the fast (<1 ps) dynamics as spin heating through sp-d exchange interaction between photo-carriers and Mn ions while the ∼100 ps component is interpreted as a manifestation of spinlattice relaxation. Charge carrier and phonon dynamics were also carefully studied, showing an ultrashort charge lifetime of photo-injected electrons (∼2 ps) and propagating coherent acoustic phonon wavepackets with a strongly probe energy dependent oscillation period, amplitude and damping.
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1. Introduction
Motivation: spin-related phenomena and devices
Over the past several years there has been considerable interest and progress in exploring and understanding spin states and dynamics in semiconductor systems including magnetic semiconductors. Using electron spin in addition to the charge can lead to devices with new or improved functionality. Even prior to the discovery of giant magnetoresistance (GMR) [1] where the resistance of thin films of ferromagnetic/nonmagnetic structures is strongly magnetic field dependent, magnetism in metals has been the main basis of information storage. The GMR effect is now used in computer hard drives as well as devices such as magnetometers and nonvolatile memory chips [2] . The GMR effect is considered an early example of the new field of spintronics. One practical method of developing spin-based devices or spintronics would be to incorporate ferromagnetism in a semiconductor by introducing magnetic dopants such as Mn. The first successful doping of Mn ions into InAs exceeding the heavy doping regime was reported by Munekata and co-workers in 1989 [3] . The subsequent discovery of ferromagnetism in p-type InMnAs films in 1991 triggered great interest in this sample system [4] . Furthermore, Curie temperatures as high as 35 K were obtained as early as 1993 by using InMnAs/(Al, Ga)Sb heterostructures instead of films [5] . This system serves as a prototype for incorporating spin into semiconductors. Subsequently, the growth of ferromagnetic GaMnAs and InGaMnAs was reported in 1996 and 2002, respectively [6, 7] . In addition, several other relevant materials, such as GaMnN, AlCrN, and ZnCoO, have exhibited ferromagnetism [2] . Ferromagnetic semiconductors with Curie temperatures T c above room temperature can lead to devices such as light emitting diodes and lasers with polarized emission, integrated logic, and memory [2] . Several successful attempts have been reported recently to push the ferromagnetic transition temperatures above 300 K. For instance, room-temperature ferromagnetic order in TiO 2 :Co has been observed and T c in CrAs and CrSb with zinc blende structure is over 400 K [8] [9] [10] . In addition, T c in Mn-delta-doped, Be-modulation-doped GaMnAs heterostructures has reached 250 K, approaching room temperature [11] .
These developments are an indication that exploring and understanding spin-dependent phenomena in magnetic semiconductors may one day lead to useful and innovative devices. One important aspect of ferromagnetism in (III,Mn)V semiconductors is its carrier-mediated nature. Namely, the ferromagnetic exchange interaction between Mn ions is mediated by carriers, and thus, magnetic properties can be changed by changing the carrier density. Koshihara et al demonstrated that ferromagnetism can be photo-induced in InMnAs/GaSb heterostructures when sufficient carries are created at temperatures near T c [12] . In addition, electrical tuning of ferromagnetic order has been demonstrated in InMnAs-based field effect devices [13] .
The scope of this review article is to demonstrate the strength of magneto-optical spectroscopy when it is combined with femtosecond laser pulses. Time-resolved magnetooptical spectroscopy can provide direct time-domain information about magnetic properties of excited states with high temporal resolution and fine control. In particular, it has provided essential contributions to our understanding of spin relaxation, spin coherent effects and dephasing phenomena in semiconductors and their quantum-confined structures, a critical stimulus for the field of semiconductor spintronics [14] . Newly developed two-colour methods of magneto-optical Kerr effect (MOKE) and magnetic circular dichroism (MCD) spectroscopy, which are shown to be appropriate for investigating (1) spin relaxation of nonequilibrium photoexcited carriers, (2) transient modifications of ferromagnetic order, and (3) photo-induced dynamic phase transitions, will be discussed. Results for several (III,Mn)V semiconductors including InMnAs, InGaMnAs, and GaMnAs will be described.
Ultrafast dynamics of magnetically ordered materials
There is much current interest in dynamical processes in magnetically ordered systems, both from scientific and technological viewpoints [15] . Pumping a magnetic system with ultrashort laser pulses can strongly alter the thermodynamic equilibrium among the constituents (carriers, spins, and the lattice), triggering a variety of dynamical processes. Investigating these processes can provide estimates for the timescales and strengths of various microscopic interactions and shed new light on how to alter an ordered phase of many-body spin systems through these interactions on very fast timescales. In addition, fascinating phenomena such as ultrafast photoinduced and photo-controlled dynamic phase transitions can be studied.
Both metallic and insulating magnets have been studied extensively using various time-resolved magneto-optical techniques.
In particular, the discovery of ultrafast demagnetization [16] suggested an ultrafast scheme for magneto-optical data writing. In extreme cases, intense laser pulses were shown to drive a ferromagnetic to paramagnetic phase transition on a femtosecond timescale [17] . Despite the large number of studies performed to date, exactly how a laser pulse can effectively change the magnetic moment and the microscopic effective energy transfer channels among the subsystems are still not understood [18] [19] [20] . This is partially due to the fact that, in the case of metallic ferromagnets, the distinction between the 'carriers' and 'spins' is subtle, as the itinerant electrons contribute to both transport and magnetism. In turn direct microscopic coupling between the electronic orbital degree of freedom and the collective spins, leading to extremely fast demagnetization on a femtosecond timescale, is not well understood. On the other hand, antiferromagnetic insulators have shown much slower dynamics, typically of the order of hundreds of picoseconds [21] , although femtosecond demagnetization has been predicted [22] , and ultrafast control of magnetism using off-resonance excitation has been shown experimentally [23] .
Carrier-induced ferromagnetism in (III,Mn)V semiconductors provides an interesting alternative for studying ultrafast magnetization dynamics. Unlike in ferromagnetic metals, there is a clear distinction between mobile carriers (holes) and localized spins (Mn ions) and ferromagnetic order is realized through their strong coupling (p-d exchange interaction). This coupling in turn makes the magnetic order sensitive to carrier density changes via external perturbations, e.g., electrical gating fields or optical radiation [12, 13, 24] . In addition, since two separate issues of current interest, i.e., hole relaxations and collective magnetization dynamics, fall into one platform, their correlation, which is rarely addressed elsewhere, could be investigated.
Prior ultrafast optical studies of magnetically ordered systems

Metallic and insulating magnets
In this section, we will briefly review some of the main ultrafast magneto-optical studies performed on metallic and insulating ferromagnets. Figure 1 shows simplified physical scenarios for the magnetic dynamics of metallic (left) and insulating (right) systems. Here, the established knowledge about different dynamic processes induced by femtosecond laser excitations in these two systems is summarized. In itinerant ferromagnets, the pump-induced magnetization change mostly follows the thermalization of the hot electron population with a characteristic timescale of 100 fs (left panel, figure 1 ). On the other hand, in insulating magnets, a much slower demagnetization process is observed with a characteristic timescale of hundreds of picoseconds (right panel, figure 1 ).
Ultrafast demagnetization in a metallic magnet was first reported by Bigot's group in 1996 [16] . Using time-resolved MOKE to study 22 nm thick Ni films, the authors observed an ultrafast reduction in MOKE angle, of the order of a few picoseconds, which was interpreted as induced demagnetization (left panel, figure 2 [16] ). In extreme cases, intense laser pulses were shown to increase the electron temperature even above the Curie temperature, driving a ferromagnetic to paramagnetic phase transition on a femtosecond timescale; it occurred within 500 fs, before heating of the lattice. The right panel of figure 2 shows an example of complete quenching of ferromagnetism induced by a laser pulse, of the order of 100 fs in CoPt 3 [16, 17] .
Exactly how a laser pulse can effectively change the collective magnetization in an ultrafast manner is still an open question; the interpretation of the observed transient magneto-optical signal in terms of magnetization dynamics, especially in the femtosecond timescale, remains controversial, motivating further experimental investigations. Different ultrafast magnetooptical techniques, such as magnetic surface second-harmonic generation (SHG) and spinresolved photo-emission, have been used by different groups and similar sub-picosecond dynamics has been observed. However, there are still discrepancies in the details of the experimental data obtained by different groups, which lead to various interpretations of spin dynamics. Finally, it should be mentioned that, in the case of high pump fluences where a complete quenching of the magnetic order occurs, the interpretation is unambiguous since show that a ferromagnet was converted to its paramagnetic state after ∼500 fs [16, 17] .
the material switches to its opposite magnetic state when it is kept in a static magnetic field with an amplitude slightly less than the coercive field (right panel, figure 2 ). Therefore, in ferromagnetic metals, this convincing argument together with the experimental evidence from both time-resolved magnetic SHG and MOKE measurements indicates that the intrinsic magnetization can indeed be switched on a femtosecond timescale.
Very different demagnetization dynamics has been reported for insulating magnets, as compared to their metallic counterpart (figure 1), due to several fundamental differences in magnetic states and transport properties between the two types of magnets. Generally speaking, virtual hopping among localized spin sates in magnetic insulators leads to an antiferromagnetic superexchange interaction, while interacting itinerant spins in magnetic metals favour a ferromagnetic exchange splitting of spin up and spin down energy bands. Because of the localized character of the magnetic moments and absence of intrinsic doping carriers in insulating magnets, the primary effect of a femtosecond pump pulse is lattice heating, which is followed by heating of the collective spin system via magnon generation.
Such a picture is supported by the recent observations in FeBO 3 [21] . Weak ferromagnetic order, coexisting with largely antiferromagnetically coupled spins, was probed via the Faraday effect, indicating ∼500 ps magnetization quenching dynamics. It is also interesting to note that several recent theoretical many-body calculations in insulating magnets, e.g., nickel oxide, also predict demagnetization times shorter than 100 fs [22] , which still need further experimental confirmation. Recently, femtosecond magnetization dynamics has indeed been shown experimentally for antiferromagnetic (AFM) materials, demonstrating ultrafast reorientation and precession of the AFM order parameters using either on-or off-resonance excitation [23, 25] . These observations, taking advantage of some unique properties of AFM systems, i.e., lack of macroscopic magnetization and exchange field enhanced magnetic resonance frequency, have stimulated new interest in these materials.
(III,Mn)V semiconducting ferromagnets
In this section, prior work concerning the ultrafast dynamics of ferromagnetic (III,Mn)V is reviewed. One of the first reports on spin dynamics in ferromagnetic GaMnAs was from Gonokami's group [26] where the measurements were performed on a sample of 1.05 µm [26, 27] . Left: timedependent magnetization measured through time-resolved MOKE. The rise of the signal, of the order of several hundreds of picoseconds, indicates a relatively slow demagnetization dynamics, compared to the metallic case. Right: extracted spin-related slow component in differential transmission (left axis) compared with time-dependent magnetization obtained by time-resolved MOKE (right axis) [27] .
thick GaMnAs film grown by MBE on a GaAs[001] substrate. A two-colour probe method of time-resolved MOKE was used to study time-dependent magnetization (left, figure 3) . A photoinduced demagnetization process was clearly observed but the magnetization drop occurred of the order of 1 ns, similar to that of the pulse laser excited insulating magnets, although the free carrier lifetime of the photo-generated electrons was within 1 ps, as measured in a separate experiment. This type of demagnetization dynamics is further supported by a later differential transmission experiment from the same group, using mid-infrared probe pulses to couple with the transition related to Mn impurities [27] . The experimental data exhibited a strongly temperature-dependent slow component, denoted as T /T mag (right, figure 3 ), which coincides with time-dependent magnetization revealed by time-resolved MOKE.
Kojima et al [27] claimed that the observed, very different temporal behaviours of charge carrier and demagnetization dynamics, called the spin-charge thermal isolation, originated from the high degree of spin polarization near the Fermi level. They also inferred that the halfmetallic nature of electronic bands in GaMnAs gave rise to the observed phenomena and the carriers responsible for mediating ferromagnetic exchange coupling were mostly d-like.
While most of the prior experiments on either metallic or insulating magnets concentrated on demagnetization dynamics, work by Munekata's group showed photo-induced magnetization rotation in GaMnAs via optically injected spin polarized carriers [28] . The basic ideas for photo-induced Mn spin rotation (and even photo-induced ferromagnetic order) have been a research focus since the 1980s, largely in paramagnetic semiconductors. For instance, photo-induced Mn spin precession was reported by Crooker et al in (II,Mn)VIbased quantum well structures [29] . The current renewed interest in (III,Mn)V semiconductors originates from the fact that the magnetic order in III-V ferromagnetic semiconductors is carrier mediated and there is a very strong mutual interaction between the two spin ensembles, carriers and Mn sublattice, via p-d exchange coupling. Photo-induced magnetization rotation in a ferromagnetic semiconductor was first demonstrated in a CW type experiment by Oiwa et al (left, figure 4 ) [24] . Here, a thin (Ga, Mn)As epilayer (∼200 nm) on top of a GaAs buffer layer results in in-plane magnetic anisotropy, exhibiting no noticeable remanent component along the direction normal to the sample at zero magnetic field, as seen in the inset of the left panel of figure 4 . There are clearly out-of-plane magnetization components with CW light irradiation, exhibiting a strong dependence on the polarization state of the light. To gain more insight into such photo-induced magnetization rotation from in-plane to out-of-plane and differentiate The inset shows the magnetization curve extracted from the anomalous Hall effect measurements, indicating in-plane magnetic anisotropy of the current sample. Right: time-resolved MOKE and reflectivity at 20 K, below the transition temperature, for two different samples excited by three different polarization conditions. Adapted from [24, 28] .
it from effects from polarized carrier spins, time-resolved MOKE was used to directly obtain time-domain information (right, figure 4 ) [28] . Indeed, the enhanced MOKE signal amplitude and a second decay component accompanying the photo-excited carrier spin relaxation process were observed only below T c . The different power and temperature dependence of the two decay components further corroborate the authors' claim of photo-induced magnetization rotation.
Kimel et al have also performed time-resolved MOKE to study magnetization dynamics after femtosecond excitation in GaMnAs [21] . In their measurements, the authors could not reproduce any of these observations. There is neither an indication for ultrafast demagnetization nor evidence for precessional motion of Mn spins. The time-resolved magneto-optical signal was completely independent of temperature, indicating that it was probably from optically injected carrier spins instead of collective spins. Therefore, Kimel et al concluded that there is no significant coupling between photo-injected carriers and Mn collective spins.
As reported above, experimental results obtained by different groups for GaMnAs led to very different interpretations of spin dynamics. In this context, two main issues should be kept in mind: in which excitation regime was the particular experiment performed and how much does spin dynamics depend on the particular sample? For instance, the maximum peak fluences used in the demagnetization and photo-induced rotation measurement were of the order of 1 mJ cm −2 per pulse and 1 µJ cm −2 per pulse, respectively. In the work of Kimel and co-workers [21] , although the same type of laser and similar experimental conditions as the photo-induced magnetization rotation measurements were used, very different observations led to conflicting conclusions. These may come from the details of sample preparation. The (III,Mn)Vs, being prepared using low-temperature MBE, are highly disordered systems and magnetic properties of samples critically depend on multiple parameters, i.e., film thickness, growth temperature, and post-growth annealing. All these complications may lead to different experimental observations, even under the same experimental conditions. Better control, understanding and characterizations of (III,Mn)V growth processes are needed to further reconcile various experimental observations.
Theoretical models
Most of the theoretical work on magnetization dynamics driven by photo-excitation in diluted magnetic semiconductors has been concerned with the coherent regime, where the polarization and/or the phase of light are important [30] [31] [32] [33] . A proposal for exciting below the band gap to coherently induce ferromagnetism in a paramagnetic (II,Mn)VI compound has also been put forth [34] . In the following we will review the theoretical approaches to ultrafast demagnetization, which is an incoherent process involving heating of the spin subsystem. Investigations of this phenomenon have been concentrated on metals, but the main ideas described below also apply to the semiconductor case. Our model of quenching of ferromagnetic order in (III,Mn)V ferromagnetic semiconductors is described in more detail in section 4.3.4.
There are three reservoirs involved in the light-induced demagnetization process, which we denote as carriers, spins and lattice (see figure 5 ). Energy and angular momentum can be exchanged between them: the mechanisms and timescales for the carrier-lattice and spinlattice couplings are quite well understood (especially the former). In the standard process of laser-induced demagnetization, as used in magneto-optical recording [35] , the light pulse excites carriers, which then equilibrate with the lattice on a timescale of picoseconds. The heat deposited in the lattice is then transferred into the spin system through the spin-lattice interaction. The heating up of the spins then results in demagnetization, occurring on the timescale of the spin-lattice relaxation time τ sl , which is at least of the order of 100 ps. Experiments show τ sl ≈ 80 ps in Gd [36] , between 30 ps and 20 ns in Fe [37] and more than nanoseconds in paramagnetic CdMnTe [38] . In order to explain the ultrafast demagnetization, the existence of the direct coupling between the carrier and spin reservoir has to be invoked. The microscopic mechanism of this coupling is a key theoretical problem in this field.
The distinction between the first two reservoirs (carriers and spins) is only clear in materials whose magnetic properties are dominated by localized spins, such as rare-earth ferromagnets and ferromagnetic semiconductors (see section 4.3.4). In the case of itinerant ferromagnets, in which most of the ultrafast demagnetization studies have been performed, the distinction between the 'carriers' and the 'spins' is subtle, as itinerant electrons contribute both to transport and magnetism. This is a serious impediment in the creation of a simple theory of ultrafast demagnetization in metals. In ferromagnetic semiconductors, there is a sharp separation between the mobile carriers (holes) and localized spins (Mn ions), which makes such a distinction between carrier and spin populations more natural.
The physical mechanism through which the orbital (carrier) degree of freedom can couple to the spin degree of freedom is the spin-orbit interaction. It underpins the process of spinlattice relaxation, in which the spins are scattered by fluctuations of the crystal fields produced by phonons [39] . In order to explain the ultrafast demagnetization, one has to formulate the theory of direct coupling of charge and spin degrees of freedom, which includes the spin-orbit interaction.
In a seminal paper [16] on demagnetization in nickel, a phenomenological threetemperature model was used to fit the experimental data. This is an extension of a model describing the thermal relaxation of electrons in metals (see e.g. [40] ). In [16] the three reservoirs were described by respective temperatures, and the demagnetization resulted from the changes in spin temperature. The equations of the heat flow were of the simple form
where e, s, l denote the electronic, spin and lattice reservoirs, with corresponding specific heat coefficients C a and coupling constants G ab . It should be stressed that although the value of the direct carrier-spin interaction constant G es could be fitted to experimental data, this phenomenological model does not say anything about the microscopic coupling mechanism. The other serious shortcoming of this approach is the description solely in terms of the heat flow, neglecting the fact that the angular momentum also has to be exchanged between the reservoirs. Recently, simplified but transparent theories involving the processes of angular momentum transfer have been proposed independently for metals such as Ni [41, 42] and ferromagnetic semiconductors such as InMnAs [43] . In both cases, the Eliot-Yafet spin relaxation of carriers [44] transfers the angular momentum into the lattice, which is treated as a perfect sink. In [41, 42] somewhat artificial, but conceptually convenient, separation of carrier and spin systems in a ferromagnetic metal is assumed. In our work [43] we use a wellestablished model of the carrier-spin coupling in ferromagnetic semiconductors [45] , and fast spin relaxation of holes turns out to be crucial for the explanation of experimental results. The detailed account of this model is given in section 4.3.4. Another theoretical work is that of Zhang and Hübner [20] , who have calculated laserinduced dynamics within a simplified many-body model of a ferromagnet. They obtained complete quenching of magnetization within the pulse time, and they ascribed it to a cooperative effect of spin-orbit coupling and the laser field. But even though the early experiments suggested demagnetization occurred within the pulse width, corrections to the Kerr signal interpretation due to dichroic bleaching [18] (see below) have led to an estimate of the demagnetization timescale of a couple of hundreds of femtoseconds. Consequently, even if the light-assisted mechanism is relevant, it is not the whole story in the sub-picosecond regime.
We should also mention the calculations of time-resolved magneto-optical response of highly excited ferromagnets [46, 47] . Although they do not calculate the real demagnetization, they address the problem of the influence of the dichroic bleaching on the observed Kerr signal and show that this phenomenon is very important for the proper interpretation of the observed magneto-optical signal. It has been first noted in [18] that in the regime of high excitation the measured magneto-optical signal S (e.g., Kerr rotation, ellipticity, Faraday rotation, etc) need not be proportional to the instantaneous magnetization. In the steady state we can write S = f (hω)M, where f depends on the diagonal elements of the dielectric tensor and M is the magnetization, but after the excitation we obtain S = M f + f M where only the second component represents the real magnetization dynamics. The theoretical calculations clearly show the visible influence of the M f factor on the magneto-optical signal on ultra short timescales. In experiments, much effort has been put into the extraction of the purely 'magnetic' contribution, by methods such as measuring more than one magneto-optical quantity at the same time [18, 26, 48] or by forming a linear combinations of the same quantity measured in different conditions (e.g., for different temperatures) [49, 50] . In our investigations, we have used a two-colour setup (section 3.2) where the use of different wavelengths for the two pulses of light minimizes the effects of pump-induced state filling felt by the probe.
Ultrafast magneto-optical techniques
Commonly used ultrafast spin-resolved techniques
In order to study ultrafast magnetization dynamics, it is important to develop magneto-optical spectroscopy techniques with decent signal-to-noise ratio and high temporal resolution. To achieve these goals several types of experimental detection scheme have been developed, including time-resolved linear magneto-optical effects (Kerr effects in reflection or Faraday effect in transmission geometry), spin-resolved photo-emission, and time-resolved magnetic second-harmonic generation (MSHG) techniques [15, [51] [52] [53] . In these experiments, a pumpprobe configuration, combined with femtosecond laser pulses, is used to obtain temporal resolution and a static magnetic field could be used to control the initial magnetic state of the sample. Next we concentrate on two linear magneto-optical effects, namely MOKE and reflection magnetic circular dichroism (MCD), and discuss how to implement these in our timeresolved measurements. In addition, in section 3.3 we briefly discuss MSHG techniques.
Two-colour MOKE techniques
We have developed a two-colour MOKE/MCD spectroscopy setup, which consists of an optical parametric amplifier (OPA) pumped by a Ti:sapphire-based regenerative amplifier (Model CPA-2010, Clark-MXR, Inc.). The OPA is used as a pump tuned around 2 µm and a very small fraction (∼10 −5 ) [54, 55] of the amplified Ti:sapphire laser beam (775 nm), is used as a probe; the high photon energy of the probe ensures diminished 'dichroic bleaching' effects [18] due to the pump excited carriers. Figure 6 shows a schematic diagram of the experimental setup. The two-colour MOKE/MCD experiments are carried out in a polar configuration. The pump and probe beams are made parallel and then focused onto the sample mounted inside a magnetic cryostat. A quarter-waveplate is used to control the polarization of the pump and a half-waveplate sets the polarization of the probe. In the case of MOKE measurements, the probe polarization is set to be 45
• with respect to the s and p polarization. In the case of MCD, the probe polarization is set to be either horizontal or vertical before hitting the sample and the reflected probe beam passes another quarter-waveplate before detection (figure 6). A Wollaston prism serves as a polarization-dependent beam splitter, which splits the linearly polarized beam into two spatially separated components with polarization directions orthogonal to each other. Two different detection setups are used, i.e., combination of a lock-in amplifier and a differential amplifier (New Focus Nirvana 2007) or two boxcar integrators and two separate identical photo-diodes. We emphasize that the second scheme not only makes it suitable for the detection of short low-duty-cycle pulses and greatly reduces the pulse-to-pulse fluctuations from our amplified system, but also has the unique advantage of extracting the polarization and reflectivity changes simultaneously from the same set of raw data, via further computation with some algorithms discussed below.
In order to implement this scheme, the mid-infrared pump is modulated by an optical chopper with a half harmonic of the laser repetition rate (∼500 Hz), i.e., every other pump pulse is blocked. We record the intensity of reflected near-infrared probe pulses, both the sand p-components, as a function of time delay and magnetic field. Two boxcars, locked to the laser reference and synchronized with each laser shot, are used to simultaneously detect two different polarization states of the probe with and without pump for the adjacent pulses. As shown in figure 7, after recording four sets of raw data at each time delay in one scan, I off p , which are the s-polarized probe and p-polarized probe with pump and without pump, respectively, we can extract any polarization and reflectivity changes by the following relations. The Kerr rotation angle and ellipticity can be expressed in the following way in the current experimental condition,
The analytical expression for the photo-induced Kerr rotation is obtained by taking the first derivative of equation (4) We can get an analytical expression for the ellipticity change in a similar way, after replacing I s and I p by I circular,left and I circular,right , respectively. We can also derive differential reflectivity from the raw data, i.e.
With the current system, the smallest Kerr angle and differential reflectivity that can be measured is 2 × 10 −5 rad and 10 −4 , using ∼5000 pulses.
Time-resolved MSHG techniques
Time-resolved MSHG has also been applied to study ultrafast magnetization dynamics in several ferromagnetic metals [51, 53] . In general, the nonlinear polarization P(2ω), responsible for generating second-harmonic field, can be written as
where χ (2) i jk is the second-order optical susceptibility tensor, which can be decomposed into even (nonmagnetic) and odd (magnetic) components [56] . Time-resolved MSHG techniques allow one to separate these two contributions by carefully measuring second-harmonic intensities as well as their phases for opposite magnetization directions I + and I − , respectively. These can be understood by examining the following analytical expressions for I + and I − ,
where ϕ is the relative phase between even and odd components. More detailed analysis of extracting the phases and reconstructing magnetization induced second-harmonic components can be found in Conrad et al [57] . Finally, we want to point out that both two-colour MOKE/MCD and time-resolved MSHG are potentially able to distinguish between ultrafast magnetization components and pure nonlinear optical effects if details of the data are carefully considered.
Experimental results and discussion
Next we will discuss charge, phonon and magnetization dynamics in the III-V ferromagnetic semiconductor heterostructures InMnAs/GaSb, GaMnAs/GaAs and InGaMnAs/InGaAs. After photo-excitation, the differential reflectivity shows a sharp negative drop for times less than 2 ps followed by a rapid rise and sign change in the observed differential reflectivity. At longer times (several hundred ps) periodic oscillations in the differential reflectivity are observed with a period of ∼23 ps superimposed on a very slow decay. The pump wavelength was chosen to be 1.2 µm for InGaMnAs and 2 µm in the case of InMnAs, in order to create transient carriers just above the band gap of ferromagnetic semiconductors. in the differential reflectivity is negative for times less than 2 ps after photo-excitation (inset of figure 8(a) ). Second, a rapid reflectivity rise is observed, leading to a sign change. Next, reflectivity oscillations with a period of ∼23 ps are observed. Finally, the signal shows a very slow decay to zero (several hundred ps).
As seen in figure 8(b) , similar complex carrier decay dynamics was also observed in InGaMnAs, which verifies the universality of this type of decay dynamics in ferromagnetic (III,Mn)V systems. In the case of a reference low-temperature grown InGaAs (LT-InGaAs) sample [58] ( figure 9(b) ), we observed a similar initial negative change in reflectivity and a subsequent fast rise with a sign change. On the other hand, in a high-temperature InGaAs (HTInGaAs) sample ( figure 9(c) ), the reflectivity change only showed a single exponential decay with a decay time of ∼104 ps. These facts led us to believe that the fast (∼2 ps) decay of the initial negative signal, observed only in III-V DMSs and LT-InGaAs, reflects a unique feature of low-temperature MBE growth and can be attributed to the ultrafast trapping of electrons (by As Ga antisite defects) and holes (by Ga vacancies), i.e., by mid-bandgap states due to defects. Because of these trapping processes, the free charge carrier life times in III-V ferromagnetic semiconductors at low temperature are less than 1 ps. Results of the temperature dependence of the ultrafast trapping process are shown in figure 10 , which reveals that the trapping time increases with temperature. This behaviour can be qualitatively understood by the argument that thermal fluctuations at the elevated temperature make it harder to trap the photo-generated carriers.
We can qualitatively understand the transient reflectivity response as follows. The initial sharp dip in the differential reflectivity results from free carrier Drude absorption by the hot photo-generated carriers. The photo-generated hot carriers relax back to quasi-equilibrium distributions through the emission of confined LO phonons and the ultrafast trapping of electrons (by As Ga antisite defects) and holes (by Ga vacancies). This alters the dielectric function of the heterostructure through changes in the electron and hole distribution functions and gives rise to the sharp increase and sign change in the differential reflectivity seen in figure 8 . The final decay process after the rise in reflectivity suggests slow recombination of the trapped carriers, which finally vacates the carrier traps and causes the differential reflectivity to return to zero. The beginnings of this slow decay in the differential reflectivity can be seen in the long time signal in the differential reflectivity in figure 8.
Phonon dynamics 4.2.1. Propagating coherent acoustic phonons.
In this section, we focus on those periodic oscillations observed in the differential reflectivity. These oscillations are associated with coherent acoustic phonon wavepackets that are generated in the magnetic layer and propagate into the buffer layer.
In the coherent phonon experiment, a 140 fs, mid-infrared pump beam from the OPA and a broadband continuum from 0.6 to 0.95 µm are used to directly detect coherent phonon oscillations in the time domain.
Typical data showing the coherent oscillations of the differential reflectivity in InMnAs/GaSb and InGaMnAs/InGaAs are presented in figure 8 . At long times, when the differential reflectivity signal becomes positive, there are periodic oscillations, with a period of ∼23 ps for both cases at 775 nm probe wavelength. We applied an external magnetic field of 0, 5, and 9.5 T to the sample and the oscillation period did not change, as shown in figure 11(a) . This rules out magnons or quantum beats between Landau levels as a source of the oscillations. Furthermore, our field-dependent experiments show that magnetism does not play a role in the observed oscillations. Next, we varied the pump fluence as shown in figure 11(b) . For pump fluences of 0.7, 3.5, and 10 mJ cm −2 , the intensity of the oscillation changed but the frequency did not. Varying the pump fluence increases the photo-excited carrier density. Since the plasma frequency increases with the total carrier concentration, we would expect the oscillation period to increase with increasing pump fluence if it were related to plasmons. Since the oscillation period is independent of pump fluence, we rule out plasmons as the cause of the oscillations.
Indeed, it has been shown that the oscillations instead resulted from selective photoexcitation in the InMnAs layer which triggered a coherent phonon wavepacket that propagated into the GaSb layer [59] . This was similar to oscillations previously seen in nonmagnetic InGaN/GaN semiconductor heterostructures [60] [61] [62] [63] .
The main samples studied are shown schematically in figure 12 . The InMnAs/GaSb heterostructure consisted of a 25 nm thick magnetic layer with Mn concentration 0.09, grown on a 820 nm thick GaSb buffer layer on a semi-insulating GaAs(001) substrate. Its roomtemperature hole density and mobility were 1.1×10 19 Figure 13 . Propagating strained GaSb layer. The pump pulse creates a coherent acoustic phonon wave packet in the InMnAs layer near the surface. The coherent phonon wave packet propagates into the GaSb layer. As the wave packet propagates, there is a small change in the index of refraction of the strained layer compared to the background GaSb. The effects of this change in index can be calculated by assuming a single additional reflection off the front and back surfaces.
estimated from Hall measurements. Detailed growth conditions and sample information can be found in [64, 65] .
Simple model.
The reflectivity oscillations can be qualitatively understood as follows. The selective absorption of carriers in the InMnAs layer generates a coherent phonon wavepacket which has the thickness of the layer and propagates into the GaSb substrate. This is similar to previous work on InGaN/GaN epilayers where propagating coherent acoustic phonons have been observed [60, 61] . The propagating strain pulse in the GaSb substrate shown in figure 13 gives rise to a perturbation in the GaSb dielectric function and propagates through the layer at the acoustic sound speed. The sample thus acts as a Fabry-Perot interferometer and a simple geometrical optics argument can give us the period for the reflectivity oscillations due to the propagating coherent acoustic phonon wavepacket [60] .
In the simplest calculation, one only needs to take into account the (single) additional reflection at the front and rear interfaces of the packet. Multiple reflections can be ignored since the change in reflection is very small (typically one part in 10 −3 -10 −6 ), and hence the multiple reflections correspond to higher-order terms in r/r .
Assuming that the small change in the index of refraction in the region of the propagating phonon can be writtenñ =ñ + δn + i κ, whereñ = n + iκ is the complex background index of GaSb and δn and δκ are the changes to the real and imaginary parts of the refractive index resulting from the propagating coherent acoustic mode. The change in reflectivity is then given by
If the wavelength of light is large compared to the InMnAs layer thickness, this leads to a change in the reflection coefficient R,
Here α = 2ωκ/c is the absorption coefficient. Since the position x of the leading edge of the coherent wavepacket is given by x = x o + C s t with C s the longitudinal acoustic sound velocity in the GaSb barrier, this allows us to determine the period of oscillation as
where λ = 2π c/ω is the probe wavelength, and n(λ) is the wavelength-dependent refractive index.
Note that the reflectivity oscillations are damped by a factor e −αx . This does not occur because the coherent acoustic phonons are damped and decay. It occurs, instead, because of the absorption of the probe pulse. One can probe only near the interface and the effect of the coherent phonon is diminished as it propagates away from the surface.
Using this simple model, we can compare the oscillations in the experimental differential reflectivity curves with our calculated differential reflectivity oscillations [66] . In figure 14 the computed coherent phonon differential reflectivity oscillations are shown as a function of time delay for probe wavelengths of 650, 775 and 850 nm, corresponding to photon energies of 1.9, 1.6, and 1.46 eV respectively. The theoretical differential reflectivity curves in figure 14(b) agree well with the experimentally measured differential reflectivity seen in figure 14(a) after subtraction of the transient background signal. As we go from 650 to 850 nm, the differential reflectivity oscillation period becomes longer, as predicted by equation (12) . In addition, we see that the damping of the oscillation is in agreement with equation (11) . As one goes to lower wavelengths (and thus higher laser energies), one probes at greater energies above the band gap where the absorption coefficient α increases and the oscillations die out more quickly.
In figure 15 we have plotted: (a) the index of refraction of GaSb and (b) the corresponding oscillation period as a function of wavelength derived from equation (12) . In (c) we show the experimentally measured coherent phonon differential reflectivity oscillation periods as a function of probe wavelength as open circles. The solid line shows the oscillation period versus probe wavelength estimated using equation (12) . The excellent agreement between theory and experiment is compelling evidence that the reflectivity oscillations seen in the experiments are indeed induced by propagating coherent acoustic phonons in the GaSb barrier.
In going from a probe wavelength of 650-850 nm in figure 14 , we note that the initial amplitude of the differential reflectivity oscillation decreases with increasing probe wavelength. At the same time these oscillations become more weakly damped. The reason for the reduction in amplitude of the oscillations can be found in figure 16 where we plot dε/dε zz the derivative of the dielectric function with respect to strain ε zz as a function of probe wavelength. The change in the dielectric function and hence the complex index of refraction δñ can be shown [66] to depend upon dε/dε zz . As the probe wavelength increases (and the photon energy decreases), the strength of the perturbation of the dielectric function due to the propagating coherent phonon strain decreases. This accounts for the observed reduction in the initial amplitude of the differential reflectivity oscillations as we go to higher wavelengths. The increased damping of the differential reflectivity oscillations with decreasing probe wavelength is simply due to the fact that the absorption coefficient in GaSb is rapidly decreasing with wavelength in this wavelength range, as we have previously discussed.
Other carrier effects.
In addition to modelling the oscillations in the differential reflectivity, we also worried about the fast time dynamics originating from the photoexcited carriers that gives rise to a time-dependent background signal. There are three main contributions to this transient background signal: (1) the enhanced Drude absorption resulting from the photo-induced increase in free carriers, (2) the relaxation dynamics associated with the decay of the highly nonequilibrium photo-excited carrier distribution and (3) the trapping and subsequent non-radiative recombination of photo-excited carriers due to the high density of defects in the InMnAs layer.
To take into account this background signal, we first calculated the detailed electronic structure in the InMnAs layer based on a multiband k · P theory taking into account the Mn impurities [67, 68] . We then used a Boltzmann equation formalism to account for the photoexcited carrier dynamics [69] [70] [71] . In our dynamics, we include bandgap renormalization, carrier-phonon scattering, and carrier-trapping/recombination through the Shockley-Read mechanism. Finally, to more accurately determine the optical properties, we solved Maxwell's equations in the heterostructure using a transfer matrix technique to allow for a spatially and temporally varying dielectric function. Details of these calculations are given in [66] .
Our theoretical results are compared with experiment in figure 17 . We plot (a) the experimental and (b) the theoretical differential reflectivity spectra for a pump laser energy of 0.62 eV and a probe energy of 1.6 eV. In both cases, there is an initial sharp drop in the differential reflectivity which we attribute to free carrier Drude absorption by the hot carriers created by the pump.
The photo-generated hot carriers relax back to quasi-equilibrium distributions at their respective band edges through emission of confined LO phonons. The relaxation of photogenerated carriers by LO phonons alters the quantum well dielectric function through changes in the time-dependent distribution functions. This carrier cooling by LO phonon emission results in the subsequent rise in the differential reflectivity traces seen in figure 17 .
In addition to carrier cooling by LO phonon emission, electron-hole pairs recombine through trapping at mid-gap defects with τ 0 ≈ 200 ps. This gives rise to the slow decay in the differential reflectivity at long times seen in figure 17 . At short times, electronhole pair recombination is enhanced since the Shockley-Read recombination time, τ (t), is a monotonically decreasing function of the photo-generated electron-hole pair density.
For delay times of less than 20 ps, there is some disagreement between theory and experiment. For delay times greater than 20 ps, however, the theory reproduces the experimental results surprisingly well. In particular, the period and amplitude of the reflectivity oscillations in relation to the height of the plateau as well as the decay of the reflectivity oscillations with delay time are in good agreement with experiment. Also shown is the cross-correlation between the pump and probe pulses.
(b) Demagnetization dynamics covering the entire time range of the experiment (up to ∼1 ns). There is a slow demagnetization process, which follows the fast component shown in (a) and completes only after ∼100 ps [43] . 
Spin dynamics
Ultrafast demagnetization and quenching of ferromagnetism in InMnAs.
Typical data showing the general temporal profile of the photo-induced Kerr angle change, θ K , are shown in figure 18 , for the first 3 ps (in (a)) and the entire time range (in (b) ). The sign of θ K /θ K is always negative, indicating transient demagnetization. Distinct temporal regimes can be identified: an initial (<1 ps) rapid reduction in magnetization is followed by a slow and gradual decrease (up to ∼100 ps), a plateau region (up to ∼500 ps), and, finally, an increase (i.e., recovery) toward the equilibrium value. Also shown in figure 18(a) is the cross-correlation trace between the pump and probe pulses, showing that the initial ultrafast demagnetization is occurring even more quickly than our time resolution (∼220 fs).
Results showing the photo-induced Kerr angle for ferromagnetic InMnAs in the first 4 ps and under three different magnetic field conditions, +7 mT, 0 mT, and −7 mT, are presented in figures 19(a), (b) and (c) . The sign of θ K changes when the direction of the field is reversed, as expected for demagnetization. This claim is further substantiated by the fact that the photoinduced MOKE signal and the transient signals completely disappear at zero field. In the At high fluences, the signal saturates to ∼1, suggesting a complete quenching of ferromagnetic order [43] .
following discussion, we define the photo-induced Kerr rotation as
in order to eliminate any possible nonmagnetic contributions to the transient MOKE signal, e.g., pump-induced optical anisotropy and two-photon coherence. Photo-induced Kerr rotation dynamics, normalized by the MOKE angle before the arrival of the pump, is plotted for different pump fluences in figure 20(a) . At low pump fluences, the fast (<1 ps) and slow (∼100 ps) demagnetization components coexist. However, as the fluence increases, the fast component progressively becomes more dominant. Around ∼10 mJ cm −2 , there is no slow demagnetization process-a sharp initial drop is followed by a completely flat region. This 'step-function' like response remains stable both in shape and magnitude against further increases in pump fluence to 13.4 mJ cm −2 , i.e., the demagnetization saturates. The saturation value is 1, implying that the change in magnetization is 100% (see also figure 20(b) ). These results suggest that a complete quenching of the ferromagnetic order occurs on a timescale of several hundred femtoseconds.
To substantiate the above claims, we also perform further measurements and make the following arguments.
(i) At high pump fluence, a ferromagnetic to paramagnetic phase transition, seen as a saturation of θ K to unity, as a function of pump fluence was observed on the subpicosecond timescale. At this extreme condition, there is no doubt that ultrafast demagnetization occurs over several hundred femtoseconds. Therefore, at intermediate pump power, it is natural to assign the origin of the sub-picosecond component, coexisting with the slow component of 100 ps, to demagnetization. (ii) We also performed temperature-dependent measurements, and the results are shown in figure 22(a) . Here, a strong temperature dependence of both the fast and slow components is seen. θ K decreases drastically as the temperature approaches the critical temperature T c (∼60 K), and θ K is absent above T c . These facts further suggest that the transient Kerr rotation here measures the magnetization change of the ferromagnetic state ( figure 22(b) ). (iii) In order to further eliminate the possibility that the induced MOKE changes are due to purely optical effects, we also monitored both MOKE and reflection MCD at the same time. The exact coincidence between MOKE and MCD is shown in figure 25(c) . In addition, their size is much larger than that of the reflectivity. In the current measurements, the differential reflectivity is of the order of 1% at the highest pump fluence, while normalized Kerr/MCD rotation can be as high as 100%. Thus Figure 21 shows one example where the normalized Kerr and MCD rotation have similar temporal profiles and much larger size in comparison with the differential reflectivity, ensuring that we are probing magnetic properties (see, e.g., [18] ).
Finally, let us turn our attention to long-term recovery dynamics of the MOKE signal as shown in figure 23 . At a high pump fluence (∼10.0 mJ cm −2 ) where θ approaches unity, the photo-induced MOKE signal stays almost unchanged up to 900 ps, showing a much slower recovery compared to that at a relatively low pump fluence, e.g., ∼3.34 mJ cm −2 . This observation may be understood as follows. At relatively low pump fluence where the magnetic order is not completely destroyed, the recovery of the ground state involves expanding the ferromagnetic domains. However, recovery from a completely quenched state, as in the case of a high pump fluence, requires the local nucleation of ferromagnetism first, followed by similar domain expansion processes, manifesting itself as a slower recovery of the ground state.
Ultrafast magnetization dynamics in ferromagnetic GaMnAs.
For LT-MBE grown ferromagnetic GaMnAs, the existence of a characteristic 'band tailing' absorption due to Mn impurity and As Ga antisite defect bands, located around 100 and 500 meV above the valence band, respectively, has been well established (inset, figure 24 ). In particular, a femtosecond mid-infrared excitation tuned to As Ga antisite absorption centred at ∼2 µm generates delocalized, transient holes and localized, trapped electrons, which allows us to study the correlation between hole dynamics and induced magnetization dynamics on femtosecond timescales. Typical polar MOKE dynamics in ferromagnetic GaMnAs is shown in figure 24 . The initial change in the MOKE signal is negative, followed by a quick recovery of the negative signal with time constants of ∼800 fs shown in (a) and a slow decrease ∼100 ps shown in (b). Finally, the signal shows a very slow recovery of ∼2 ns.
The sign of θ K /θ K changes when the direction of the field is reversed, consistent with ultrafast demagnetization. Temporal evolution and the magnitude of R/R also show a magnetic field dependence, clearly indicating transverse MOKE effects. We can isolate transverse MOKE components T -MOKE, and magnetization-dependent R/R, by subtracting two R/R traces taken with magnetic fields of opposite sign. Transverse MOKE dynamics shows a similar femtosecond demagnetization and slow demagnetization component of the order of 100 ps as in polar MOKE θ K dynamics. It is also important to notice that there is an initial 'overshoot' component existing only in the polar MOKE profile.
Ultrafast softening in ferromagnetic InMnAs
. In this section we will discuss a different transient magnetic phenomenon, which appears under relatively low pump fluence in comparison to those used in ultrafast demagnetization experiments. Figure 26 that the ferromagnetic hysteresis loops change direction under different pumping conditions, i.e., right-and left-circularly polarized states. The magnetic hysteresis loops continue to evolve and the softening lasts a few picoseconds (figures 26(e) and (f)). After this short period of time, loops with the original H c are recovered (figures 26(g) and (h)). We should also notice that almost no change is observed in the vertical height of the loop within the sensitivity of our setup (the sensitivity of this setup, based on a lock-in detection and a Nirvana balanced detector, limited itself to seeing any horizontal shrinkage discussed in the previous section).
We believe that carrier-enhanced exchange coupling between Mn ions is at the core of the observed ultrafast photo-induced softening. The phenomenon is essentially the same as what has been observed in the CW work on the same systems [72] except for the very different timescales.
Discussion and theory of ultrafast demagnetization in (III,Mn)V compounds.
In this section we will discuss the ultrafast (sub-picosecond) photo-induced dynamics of the coupled systems of holes and Mn spins. The experimentally observed long-time dynamics (100 ps timescale) fits the traditional framework of spin-lattice relaxation and subsequent cooling due to heat diffusion out of the laser spot. It is the fast drop of the Kerr signal that requires an explanation.
In diluted magnetic semiconductors the interaction between the carriers (electrons and holes) and the localized Mn spins is governed by the sp-d Hamiltonian of the Kondo-like form H sp−d ∝ βSs, where S and s represent, respectively, the Mn and the carrier spin, and the typical value of exchange constant β is 50 meV nm 3 for holes [73] . The (III,Mn)V ferromagnetic semiconductors are heavily p-doped, with hole concentrations of the order of 10 20 cm −3 , and these holes mediate the Mn-Mn spin interaction leading to ferromagnetism [10] . The sp-d Hamiltonian is
where S ± are the usual spin ladder operators. The first term proportional to S z s z is treated in the mean-field approximation, replacing the operator S z by its mean value. This leads to the splitting of the valence bands, and the requirement of self-consistency of effective fields acting on Mn and hole spins allows derivation of the critical temperature [45, 74] . The spin splitting of the conduction and valence bands causes the absorption coefficients for two the circular polarizations of light to differ, leading to the magneto-optical activity. Scattering between the carriers and Mn spins can lead to spin-flips (the off-diagonal terms in equation (15)). In equilibrium, the net number of spin-flips is zero (by definition), but when the carrier population is excited (brought out of equilibrium with the Mn spin system), a net flow of energy and angular momentum can occur between these subsystems. This excitation is created by the laser pump, which creates new photo-excited carriers (electrons and holes). The spin scattering for holes is more efficient: the larger density of states and stronger exchange interaction increase the scattering probability. Consequently, we will concentrate exclusively on nonequilibrium holes, as the theory predicts that electrons do not influence the magnetization quenching process. This is supported by the experimental results on GaMnAs, where no conduction band electrons are excited, and the demagnetization is similar to the case in InMnAs.
Let us consider an excited population of holes. After the thermalization time (∼100 fs) the holes are described by a Fermi distribution with a temperature higher than the lattice temperature. In the following we will describe the hole distribution in terms of the hole temperature T h even for the initial stage of the dynamics, which is a rough approximation. The elevated T h causes a blurring of the Fermi surface, which strongly increases the number of states available for spin-flip scattering. This allows for the flow of energy and angular momentum between the hot holes and localized spins. of polarization (spin/angular momentum) from Mn spins to holes, which is sustained by the efficient spin relaxation of holes. Without the latter process, which comes from interactions not included in the sp-d Hamiltonian (hole-hole, hole-disorder and hole-phonon scattering), the Mn depolarization would cease very quickly, as the dynamical polarization of the hole population effectively blocks the spin-flip scattering. It should be noted that each hole has to take part in multiple spin-flip scatterings, in order to account for the sizable demagnetization visible in experiments. This follows from the ratio of the number of Mn spins to holes, which is larger than one due to compensation, and the 5 2 value of the Mn spin compared to one-half for the hole. The whole process can be envisioned as the reverse of the Overhauser effect [75] ; the excited carriers become dynamically polarized at the expense of the localized spins, and the dissipation of magnetization occurs through spin relaxation in the carrier system (see figure 27) .
The same spin-flip scattering mechanism has been used to describe the CW heating of Mn spins by a photo-excited two-dimensional electron gas in paramagnetic CdMnTe [76] , but the basic idea is much older. The model of magnetization relaxation through spin-flips with carriers with subsequent spin relaxation by spin-orbit interaction can be traced back as far as the 1950s [77] , and this approach has recently reappeared in the ferromagnetic semiconductor literature [78, 79] .
We describe the dynamics of Mn spins by a rate equation for the diagonal elements of the localized spin density matrix [80] dN m dt = . . . 
where s (k) is the energy of the hole with spin s and δ is the splitting of the localized spin (with Mn spin energy E m , we have δ = E m+1 − E m ), which is of the order of 1 meV. The mean-field spin splitting of holes = + (k) − − (k) is proportional to the average Mn spin M = m m N m , and for the saturation magnetization in a typical (III,Mn)V material we have ≈ 100 meV. The occupation functions f s (k) are thermal, with a high effective temperature T h , and with possibly different quasi-Fermi levels for the two spin orientations. The latter feature allows us to capture the dynamic polarization of holes. Finally, the dynamics of the average hole spin s (proportional to the difference in the number of holes with spins up and down) is described by [81] ds dt
where γ is the ratio of Mn to hole density, s eq is the instantaneous equilibrium value of the average hole spin, and τ s is the spin relaxation time. Strong spin-orbit interaction in the valence band leads to close correlation between the momentum scattering and spin relaxation times. The presence of strong disorder in the ferromagnetic semiconductors results in momentum scattering times of the order of 10 fs [82] (corresponding to the quasiparticle broadening of about 100 meV). Furthermore, in the excited hole population the h-h and phonon scattering is enhanced compared to the equilibrium case, allowing us to assume τ s < 100 fs. This is confirmed by the experimental results in GaMnAs, where no pump-polarization-dependent response is seen, showing that the photo-generated spin-polarized holes lose their orientation on a timescale much below the pulse temporal width.
In the calculations we use T h = 1000 K, which gives an energy spread of the holes comparable to the exchange splitting of the band. The calculated transfer of heat from hot holes to the localized spins does not significantly change this temperature, and the cooling of the holes is caused by phonon emission, which is expected to be very efficient for highly excited holes [83] . The drop of T h within a picosecond puts a stop to the 'inverse Overhauser' process. Consequently, we solve our equations with constant T h for a short time. Using τ s = 10 fs, p = 4 × 10 20 cm −3 , band mass m h = 0.5m 0 , and typical values of β we obtain a drop in magnetization of 10% within 200 fs. This result shows that the ultrafast demagnetization in these materials is possible, and qualitative agreement with experiments supports the underlying physical picture. In order to refine the model presented above and verify its parameters, more theoretical work on strong photo-excitation of disordered III-V magnetic semiconductors and spin relaxation of hot holes is needed.
Summary
The topics studied in this review article demonstrate the strength of magneto-optical spectroscopy in investigating spin-related phenomena in condensed matter. Magnetooptical spectroscopy combined with femtosecond laser pulses, provides direct time-domain information about magnetic properties of excited states with high temporal resolution and fine control. Until now, (III,Mn)V ferromagnets have been studied quite extensively using static optical or transport methods; time-domain spectroscopy has rarely been attempted and has not proven to be a powerful probe. Newly developed two-colour methods of MOKE and MCD spectroscopy have been described and experimental results on charge dynamics, phonon dynamics, and spin dynamics, respectively, have been presented.
Regarding charge dynamics, the dynamics of photo-generated carriers in InMnAs, InGaMnAs, and GaMnAs were discussed. Results of time-resolved two-colour transient reflectivity measurements with a mid-infrared pump and a single-colour near-infrared probe were presented. Very short carrier lifetimes (∼2 ps) and multilevel charge decay dynamics are observed. The salient features of carrier relaxation contain some unique properties of (III,Mn)V semiconductors, such as the existence of large-density mid-bandgap states and heavy Mn pdoping.
The transient reflectivity technique also provides direct information about phonon dynamics. An oscillatory component in the transient reflectivity, whose period, amplitude and damping are strong functions of the probe laser energy, is associated with propagating coherent acoustic phonon (CAP) wavepackets. The CAP observed for the first time in (III,Mn)Vs is similar to what has been seen in GaN/InGaN epilayers. However, the generation mechanism of CAP is via a deformation potential coupling mechanism in (III,Mn)Vs, instead of screening of piezoelectric fields in GaN/InGaN epilayers.
Next, the spin relaxation of photo-injected carriers and demagnetization dynamics were discussed. The coexistence of fast (<1 ps) and slow (∼100 ps) demagnetization processes, previously unobserved in laser excited ferromagnetic metals and insulators, is observed for both ferromagnetic InMnAs and GaMnAs. In particular, in an InMnAs/GaSb single heterostructure, a femtosecond quenching of ferromagnetic order is observed. We attribute the fast dynamics to spin heating through sp-d exchange interaction between photo-carriers and Mn ions while the ∼100 ps component is interpreted as spin-lattice relaxation. In addition, ultrafast photoinduced softening in ferromagnetic InMnAs is shown and a qualitative picture is given.
